Despite the potential of cellular RNA as a tool for the study of bacterial activities in natural environments, cellular RNA has rarely been measured because of methodological limitations. In a previous study, we quantitatively analyzed single-cell RNA content with multiple 16S rRNA-targeted fluorescent probes. In the present study, we explore the potential of this approach with 12 samples of natural planktonic bacteria collcctcd from coastal water over a 6-month period (late winter to summer). We measured fluorescence from single cells hybridized with multiple probes, cellular DNA and RNA by ethidium bromide (EtBr) lluoromctry, and t3H]thymidine (TdR) incorporation rates. Fluorescence of the probehybridized cells was highly correlated to cellular RNA determined by EtBr fluorometry.
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Winter and summer samples showed different patterns of fluorescence-frequency distribution.
Temperature had a large positive effect on TdR incorporation rates, but there was a negative correlation with cellular RNA content; only the samples taken at elevated summer temperatures showed a positive relationship between TdR incornoration and cellular RNA content. We estimated that the RNA content of the cells not visibly labeled wiih five probes was ~0.3 fg.
The role of bacterioplankton in the aquatic food web has been examined extensively during the past decade. With the aid of new techniques, microbial biomass and activities have been m-examined, and new findings led to an increasing recognition of the importance of the microorganisms (Azam et al. 1983; Cho and Azam 1988; Fuhrman and Azam 1982) . However, most current methods invariably measure bacterial activities averaged over the whole community (e.g. Fuhrman and Azam 1982) . Despite the emerging evidence that natural bacterial communities contain a variety of different organisms (Giovannoni et al. 1990; Schmidt et al. 199 1; Ward et al. 1990 ) and that the species composition varies over time and space (Lee and Fuhrman 199 la) , current methods do not provide information regarding the distribution of activity among different members of a community.
Many studies have shown that RNA content reflects the activities (e.g. growth) of diverse organisms (Bamstedt and Skjoldal 1980; Buckley 1984; Dortch et al. 1983; Kerkhof and Ward 1993) . High correlations have been found between the growth rates of cultured, fastgrowing bacteria and their cellular RNA contents measured from nucleic acid preparations (Brcmer and Dennis 1987; DeLong et al. 1989; Schaechtcr et al. 1958; Kemp et al. 1993) . The correlation results from the direct role of ribosomes in protein synthesis. However, the potential usefulness of cellular RNA content has been outweighed by methodological limitations or deficiencies. For example, the level of bacterial cellular RNA is very low and difficult to measure, and conventional methods that measure nucleic acids via extraction are unable to quantify RNA content on a singlecell basis. In addition, RNA degrades so easily that extra care must be taken when handling RNA samples, which makes the conventional methods impractical for routine use.
A recently developed technique uses fluorescently labeled, 16S ribosomal RNA (rRNA)-targeted oligonucleotide probes to identify individual cells by fluorescence microscopy (DeLong et al. 1989) . The fluorescent-probe method provides a powerful tool to study the phylogeny of naturally occurring bacterial cells (Amann et al. 1990b; DeLong et al. 1989; Dis-869 tel et al. 199 1) . This method does not require prior culturing of cells for identification and thus avoids the problem that few natural marine bacteria seem to be cultivable (Ferguson et al. 1984; Lee and Fuhrman 199 lb) .
RNA content of individual cells can also be estimated from the fluorescence of the hybridized 16S rRNA probes. This estimation is possible because probe molecules hybridize in 1 : 1 proportion to cellular rRNA molecules, and each probe molecule carries a constant fluorochrome label. Because most cellular RNA is ribosomal, and 16S rRNA is a relatively constant fraction of the total rRNA (Bremer and Dennis 1987) , probe fluorescence should be proportional to the total RNA content of cells. A few studies have reported on the quantitative use of 16S rRNA fluorescent probes (Poulsen et al. 1993; Let et al. 1993) , first demonstrated by DeLong et al. (1989) .
Probe-based measurements of single-cell RNA contents should be useful for the study of in situ activities of natural bacteria. For example, the method does not require sample incubations that often perturb the natural systems (Kroer and Coffin 1992 ) cellular RNA content (or activity) of particular organisms in the mixed populations can be measured and the organisms simultaneously identified with probes designed for the specific organisms (Poulsen et al. 1993) , and measurements from individual cells provide cell-based information (in particular frequency distributions) unobtainable by current methods that measure assemblage-averaged bacterial activities.
Due to their small size and slow growth , natural marine planktonic bacteria, unlike cells from lab cultures or from nutrient-rich natural environments (e.g. symbiosis; Distel et al. 199 l) , often do not contain sufficient rRNA to produce a measurable level of fluorescence. Two options are currently available to increase fluorescence signals from rRNA-poor bacteria. One is the simultaneous use of multiple probes that are designed to hybridize to independent target sites in the rRNA molecule (multiple-probe method; Amann et al. 1990a; Lee et al. 1993) . The other is a probe to which multiple fluorochromes (multiple-fluorochrome method) or any reporter molecules are indirectly attached (Amann et al. 1992; Zarda et al. 199 1; DeLong unpubl.) .
One problem that applies equally to both methods is that minor sequence variations among the target organisms (species) may not allow uniform performance of probe(s) (Amann et al. 1990b) . To use multiple probes, one must have multiple independent target sites for a defined taxon. For the multiple-fluorochrome method, cells require special treatments, often with enzymes, in order for the large molecules carrying multiple fluorochromes to pass through the cell walls. Despite such special treatments, delivering the carrier molecule into the cell has been only partially successful (e.g. for some gram-negative bacteria; Amann et al. 1992) . Labeling the carrier molecule with multiple fluorochromes is also rather qualitative. For the reasons discussed above, the multiplefluorochrome method at its current stage seems impractical or impossible to use quantitatively for natural bacterial communities, where many different, unknown bacterial species co-exist (Giovannoni et al. 1990; Schmidt et al. 199 1; Ward et al. 1990 ).
We previously reported on the quantitative USC of the multiple-probe method to enhance the fluorescence yield (i.e. fluorescence per rRNA) from both cultured bacteria and natural marine planktonic bacteria ). In the previous study, we showed that RNA predicted from cell fluorescence agreed well with cellular RNA measured independently by ethidium bromide (EtBr) fluorometry. In this study, we again observed that cell fluorescence agreed well with cellular RNA determined by EtBr fluorometry. Although the use of five probes did not visibly label the entire population (avg 45% were not visibly labeled), we found that the fluorescence-frequency distributions varied between summer and winter samples. Temperature had a large effect on both cellular RNA content (expressed as the RNA : DNA ratio) and [3H]TdR incorporation rate. This study explored the usefulness of the fluorescent probe for measuring single-cell RNA content of natural bacterioplankton and examined implications of the bacterial activity inferred from cellular RNA content.
Materials and methods
Natural bacterioplankton samples-coastal seawater, freshly collected from Smith Point (inlet or beach sites; see Table I ), Long Island, was passed through glass-fiber filters (type A/E; Gelman) to remove eucaryotic cells and detritus. Prefiltration removed 1 O-20% of the total bacterial cells, mostly particle-associated or large cells. There was no systematic change of the removed fraction during the study period (Table 1) . Cells for the probe hybridizations were collected by passing 50-100 ml of the A/E filtrate onto a 0.2~pm Nuclepore (Costar) filter. These cells were immediately preserved in 1 ml of an ice-cold mixture (9 : 1 by vol) of phosphate-buffered saline solution (PBS: 145 mM sodium chloride, 100 mM sodium phosphate, pH 7.5) and Formalin (passed through GS filter, Millipore). Cell concentrations were determined by the 4',6-diamidino-2-phenylindole (DAPI) direct count method (Porter and Feig 1980) . Natural bacterial cells were also collected for the extraction of nucleic acids. The cells were collected by filtering 450-600 ml of the A/E filtrate onto 0.2-pm Nuclepore filters. The filters were either immediately processed for the nucleic acid extraction or stored at -70°C until the extraction. The extraction procedure is dcscribed by Lee et al. (1993) . Samples for probe hybridization or nucleic acid extraction were kept cold (<6"C) during filtration (l-l .5 h). r3H]TdR incorporation rate was measured as follows. Twenty milliliters of the A/E filtrate was incubated with [3H]TdR (10 nM final concn; NEN) for 30 min at in situ temperature. Formalin-killed (1% final concn) controls were incubated in parallel with added [3H]TdR. The incubation was stopped by adding Formalin (1% final concn), and cells were collected on 0.2~pm Nuclepore filters. The filters were basehydrolyzed (0.3 M NaOH) with 1 mg of carrier DNA (salmon sperm) at 65°C for 1 h. The filters were removed, and the solution was chilled in an ice bath with trichloroacetic acid (TCA; final concn 7%) for 1 h. Precipitate was collected by centrifugation (10 min, 12,000 x g), rinsed twice with ice-cold 5% TCA, dissolved at 65°C in 5% TCA for 1 h with occasional vortexing, and centrifuged for 5 min at 12,000 x g to spin down any solid material. Radioactivity in the supernatant was measured.
Probes- Table  2 lists the six probes we used for this study, including one negative control (sequence identical rather than complementary to portions of 16S rRNA). Target sites are presumptive universal (universally conserved among living organisms) and bacterial sites (conserved at least among Bacteria : Woese 1987; Wocse et al. 1990 ). Probe sequences were tither taken from the literature (Giovannoni et al. 1988) or chosen based on an examination of bacterial sequences in the National Ribosomal RNA Database at Indiana University.
Probes of similar T, (melting temperature; Table 2) were used to reduce possible biases of performance, if any, caused by the hybridization temperature (Amann et al. 1990b ).
Oligonucleotides modified with an amino group at the 5' end were custom-synthesized (Oligos etc., Inc.). Procedures to label the oli- (T,,,; "C) are from a formula supplied by the manufacturer; T,,, = 8 I .5 -I-16.6 x log[Na '1 + 0.41 x (% molar G+C) -675/bp, where [Na ' ] = 0.75 and bp is the number of bases. $ Universal probes A and C match the universal priming sites A and C of the didcoxy reverse transcription method (Lane et al. 1988) . The 3' ends approximately match to Escherichia coli positions 520 and 1390, respectively. 8 Presumntivc bacterial nrobes. The numbers after Eco denote the E. coli wsitions as described above. i Sequence identical to a portion of the 16S rRNA molecule.
gonucleotides with Texas Red (TR) sulfonyl chloride (Molecular Probes) and to purify the probes from unconjugated fluorochromes and unlabeled oligonucleotides have been described previously ).
Whole-cell hybridization -Protocols of Giovannoni et al. (1988) , DeLong et al. (1989) , and Amann et al. (1990a) were modified for the quantitative multiple-probe method . Briefly, cells were treated with Nonidet P-40 (final concn, 0.1%; Sigma), stained with DAPI (final concn, 10 pg ml-'; Polysciences), and smeared on gelatin-coated slides. The cell smear was dried at room temperature (> 1 h), dehydrated by sequential baths for 3 min each in 50, 80, and 100% ethanol, and dried again at room temperature.
Hybridization solution contains the followingin5x SET(lx SET;O.l5MNaCl,20mM Tris, pH 7.8, 1 mM EDTA): probe (50 ng of each probe in 30 pl), dextran sulfate (lo%), bovine serum albumin (0.2%), poly(A) (0.0 lo/o), and SDS (0.1%). Random combinations of one-five probes (of the total of five probes available) were hybridized to the natural bacterial cells. Hybridizations and washings were done as described previously . A mixture of glycerol and PBS (9 : 1 by vol) was used as mountant. For day-to-day calibration of the photometer, fluorescence of TR-coated microbeads from a standard slide (Flow Cytometry Standards Corp.) was measured (n E 150 microbeads) at every session of measurement. Fluorescence intensities measured from cells were expressed as fractions or multiples of the mean fluorescence of the standard microbeads.
From control slides where no probes were hybridized, we observed autofluorescent cells, mostly cyanobacteria, in the natural samples. They were readily identified by their fluorescence intensity and morphology. Those cells, usually 2-4% of the total cells, were excluded from the TR fluorescence measurements, but they are included in the ethidium bromide (EtBr) fluorometry measurements (described below). DNA and RNA measurements by EtBrfluoromelry-Nucleic acids extracted from the natural bacterial cells were quantified by EtBr fluorometry as described previously . DNA was measured from subsamples digested with DNase-free RNase (Boehringer Mannheim), and RNA fluorescence was determined as the difference in fluorescence before and after the RNase digestion. Fluorescence was converted to corresponding amount (weight) with standard curves generated from calf thymus DNA (Sigma) or Esch-erichia coli rRNA (Bochringer Mannheim).
Mean RNA cell-l was calculated by dividing the total amount of the extracted RNA by the total number of cells collected for the nucleic acid sample.
Loss of nucleic acids during extraction was checked by adding known amounts of the standard DNA and RNA to parallel samples that were processed exactly as for the natural samples. Average RNA recovery was 88% (n = 7, SD = 11). Recovery of DNA was slightly lower (8 5%, SD = 12). Our DNA and RNA data were not corrected for these recovery efficiencies because we cannot assume that recovery (or extraction) efficiency for the natural samples would be exactly the same as for the recovery standards.
Results
Increase of cell jluorescence and probe-labeled cells with multiple probes-We first examined whether the hybridization stringency was optimal for the probes used. In general, nonspecific binding indicates low stringency, whereas higher stringencies favor perfect matches between probe-target base pairs. When checked for with the negative probe at various concentrations ( 1.7-6.7 ng pl-I), nonspecific binding was not observed under our hybridization conditions. Positive probes at higher concentrations (3.3-6.7 ng pl-I) did not increase the hybridization signal over the normal concentration (1.7 ng pl-I). Results of tests for probe specificity and hybridization efficiency under the selected hybridization stringency were reported in detail by Lee ct al. (1993) .
The five probes did not visibly label the entire population (Table 1) . However, the fraction of probe-labeled cells increased asymptotically with the number of probes hybridized (Fig. 1A) . To present the general trend from the 12 samples in Fig. 1 A, we normalized the data for a given sample to the probe-labeled fraction of that sample's five-probe hybridization. Therefore, Fig. 1A shows the increase in the labeled fraction relative to the maximum obtained with five probes. Regardless of the sampling site and season, the increase was curvilinear.
We calculated the mean cell fluorescence of a sample by averaging the fluorescence from the probe-labeled cells over the entire cell population, which includes the cells detectable with DAPI but not with probe fluorescence. Including the cells detectable only with DAPI is equivalent to recording zero fluorescence for the cells not labeled with probes. To present the general trend of the 12 samples, we again normalized the data, this time to the mean cell fluorescence in a given sample's five-probe hybridization. Therefore, Fig. 1 B presents the cell fluorescence in fractions of the maximum fluorescence obtained with five probes. Each individual sample, regardless of the sampling site and season, showed a linear and additive increase of the mean cell fluorescence with the number of probes hybridized (Fig. 1B) . the 12 fluorescence-frequency distributions, we observed different patterns between seasons based on the relative frequencies at low-, mid-, and high-range fluorescence. Figure 2 shows the typical patterns of winter ( Fig. 2A ; samples NATl-3; numbers correspond to the sample numbers in Table 1 ) and summer ( Fig. 2C ; NAT7-9).
Fluorescence-frequency distributions-From
Summer samples had higher frequencies of the cells at low range and lower Mean cell TR fluorescence Fig. 3 . Comparisons of mean cell fluorescence (n = 150) to the RNA content measured by EtBr fluorometry (mean of 2-3 replicates). Data points are labeled with the sample numbers (see Table 1 ). Solid line shows the regression of the 12 data points (r2 = 0.8 15). Fluorescence unit is in an arbitrary standardized unit (see text).
frequencies in both mid-and high ranges than winter samples. Samples NAT4-6, similar to the summer ones, suggest a transition from winter to summer (Fig. 2B) . Later in summer, there was a tendency toward a second mode at midrange (NAT lo-12). Samples NAT 1 O-12 resemble the summer pattern, except for the addition of a second mode at midrange fluorescence ("bimodal" distributions) . No systematic difference in distribution pattern was found between the inlet and the beach samples.
Winter samples showed higher mean cell fluorescence (higher cellular RNA content) and higher RNA : DNA ratios (Table 1) than the summer samples. Mean cell fluorescence of the bimodal samples was comparable to the winter samples; however, the RNA : DNA ratio was similar to the summer samples due to the high DNA content (Table 1) .
Comparisons of mean cell jluorescence to cellular RNA content determined by EtBrjluorometry-In Fig. 3 , mean cell fluorescence from five-probe hybridizations of the 12 natural samples is presented against the cellular RNA contents of the samples determined separately by EtBr fluorometry. RNA contents estimated from the cell fluorescence using the regression line in Fig. 3 differed by an average of 15% from those determined by EtBr fluorometry. The close agreement supports the quantitative use of the fluorescent probe for in situ studies of RNA contents.
The regression line in Fig. 3 has a Y-inter- Table I ), and the empty or filled squares in panel B denote the sampling site (empty-inlet; filled-beach).
cept at 0.3 fg RNA, which we interpret as the detection limit. This detection limit coincides with the minimum voltage signal (equivalent to 0.24 fg) generated by the photometer (i.e. the background noise). Due to this noise, there were a few cells barely detectable by human eyes but not measurable by the photometer. These cells were counted as labeled even though fluorescence was registered as zero. This level of noise was regarded as acceptable because the mean cellular RNA content (Table 1; 1.6-5.4 fg) was x 7-23 of the noise (0.24 fg).
Temperature efect on RNA : DNA ratio and [311JTdR incorporation rate-The RNA : DNA ratios determined by EtBr fluorometry ranged from N 0.3 to 0.8 and varied inversely with temperature (Fig. 4A) ; ratios were higher in winter and lower in summer. Both cell fluorescence (by probe hybridization) and RNA content (by.EtBr fluorometry) varied inversely with temperature in general (not shown). The inverse relationships are similar to the one shown in Fig. 4A , but data points are more scattered.
[3H]TdR incorporation rate (mol TdR h-l fmol TdR h-' (1 06cells~' Fig. 5 . Relationship between mean cell fluorescence and thymidine incorporation rate. Data points are presented with the sample numbers (see Table I ), and the empty or flled squares denote the sampling site (emptyinlet; filled-beach).
cell-I) as a function of temperature varied greatly (Fig. 4B) . However, the data suggest two separate groups split at 14°C: samples l-5 at low (but increasing) temperatures and the rest at elevated summer temperatures. Sampling site (samples l-5 arc all from the inlet) does not seem to be the sole reason for the split because there are inlet samples (samples 6 and 10) in the high-temperature group.
Relationship between mean cell fluorescence and rH]TdR incorporation rate-There is no clear relationship between the two parameters when all the data are considered together ( 
Discussion
Use of multiple probes to increase signals-
In a previous study, we examined the performances of the individual probes with four marine bacterial isolates . Under the hybridization conditions we optimized for the multiple-probe method, we did not observe any nonspecific binding, and the performance of no particular probe was systematically favored. However, probe performance varied with the particular pairing of probe and isolate. The probe-isolate interactions are probably due to slight base-pair mismatches in the probe-target pairs (Amann et al. 1990b; Lee et al. 1993) . Target sequences, although chosen from highly conserved portions, may not be identical within the defined target taxon (Amann et al. 1990b; Giovannoni et al. 1988; Olsen 1988) . Despite the variations in single-probe performance, the use of multiple probes in random combinations yielded relatively smaller variations compared to the increased signal (Fig. 1 B) . Cell fluorescence increased in a linear and additive fashion with the number of probes hybridized (Fig. 1B) . The overall additive response is an indirect indication of the advantage of using multiple probes for natural populations. bacteria (1 O-l 5% of the total, compared to 2-4% for the other samples), and cellular RNA and DNA contents determined by EtBr fluorometry were higher in both of these samples. Large amounts of RNA and DNA contributed by cyanobacteria may have resulted in the higher RNA and DNA contents of samples 10 and 12 (Table 1) . If so, measurements of probe fluorescence may have underestimated the average bacterial RNA content for those two samples. Data points of samples 10 and 12 that appear above the regression line in Fig. 3 support our speculation.
A significant portion of the population remained unlabeled (Fig. 2) . Most of the unlabeled cells were small cocci common in seawater, although there were a few large cells that were not labeled. It is unlikely that the unlabeled cells were impermeable or lacked accessible target sites for any of the probes we used; it is more likely to depend on the absolute amount of cellular RNA. Dormant cells, for example, may have extremely low RNA content. It is also possible that very small cells, even if they are metabolically active, may contain undetectable amounts of cellular RNA simply because of their small size. The asymptotic increase of the labeled fraction with the number of hybridized probes suggests that use of still more fluorochromes may not significantly improve labeling unless the current state of the fluorochrome technique and microscope optics are substantially improved.
Estimation of single-cell RNA content from probe fluorescence -The good agreement between cell fluorescence and RNA content (Fig.  3) supports the quantitative use of the fluorescent probe approach for in situ studies of RNA contents. The range of the RNA content (2-5 fg cell-l) WC found from this study by direct determinations is close to the cellular RNA content of marine bacteria estimated from the cell size by indirect calculations (1.9-9.5 fg cell-l; Simon and Azam 1989) .
Fluorescence-frequency distributions -
Compared to summer samples, winter samples had relatively few cells at the detection limit and relatively more cells with mid-and highrange fluorescence, resulting in a higher mean RNA content. For a natural assemblage that contains diverse bacterial species, measurements of a community-average cellular RNA content may prove difficult to interpret because of the inherent differences among species. Although our method was able to measure femtogram levels of RNA and show the different distribution patterns, single-cell fluorescence (i.e. cellular RNA content) alone does not provide sufficient information on cellular activities. This is because of the different cell sizes among different species in a natural community. Large cells may have more RNA than small cells, but that does not necessarily imply higher cellular activities (e.g. specific growth rate). For this reason, RNA per cell volume or RNA concentration in a cell may be a better indicator (Poulsen ct al. 1993) .
Frequency distributions revealed occasional peaks at midrange fluorescence. The midrange peaks we observed in the summer samples may be due to an activity increase of some bacteria or an increase in the abundance of some large bacteria that contain large amounts of cellular RNA without corresponding higher activities. Simultaneous measurements of cellular DNA content or size of individual cells may help interpret cellular RNA content in terms of cellular activities (Poulsen et al. 1993; Kerkhof and Ward 1993; Kemp et al. 1993 ). While our fluorescence measurements exMore specific probes, rather than probes tarcluded autofluorescent cells (mostly cyanobacgeting all bacterial cells, should allow us to teria), RNA measurements by EtBr fluoromtrack activities and population dynamics of etry included those cells. Interestingly, samples particular organisms. An empirical, labora-10 and 12 had larger populations of cyano-tory-determined relationship between growth rate and RNA content will be useful for monitoring the growth of a particular species in a mixture of different populations (Poulsen et al. 1993 ). However, designing many probes that specifically recognize a single bacterial species may not be feasible when species-unique sequences are limiting. The use of other cellular macromolecules (e.g. 23s rRNA) as extra targets for the molecular probing will alleviate this sort of problem. Prefiltration may have introduced biases in the fluorescence-frequency distributions by selectively removing the larger cells that are potentially active. Although the fractions removed by prefiltration were relatively consistent among the 12 samples (Table l) , the selective removal must have affected the probelabeled fractions and the mean cellular contents of DNA and RNA in addition to the frequency distributions.
RNA content as a measure of cell activityMany past studies found a high correlation between the growth rate of cultured bacteria and their cellular RNA (or rRNA) content or the RNA : DNA ratio (Bremer and Dennis 1987; DeLong et al. 1989; Schaechter et al. 1958) . Similar correlations were also found in other marine organisms (Bamstedt and Skjolda1 1980; Buckley 1984; Dortch et al. 1983 ). On the basis of these observations, cellular RNA content has been suggested as a potentially reliable measure of activities or growth rates. However, the correlation is not universally robust under all circumstances. From chemostat studies of four marine bacterial isolates grown at 22°C Kemp et al. (1993) found no single universal relationship between the growth rate and the RNA content, although each isolate showed a close relationship between the two parameters.
Our current study found that both TdR incorporation and the RNA : DNA ratio were dependent on temperature (Fig. 4) . Although TdR incorporation rate increased with temperature up to 14°C (Fig. 4B ), the RNA : DNA ratio decreased over the same temperature range (Fig. 4A) . Neither did the ratio vary systematically with temperature in samples collectcd later at elevated summer temperatures.
The rate of the decrease in the RNA : DNA ratio is reminiscent of a Qlo effect. The rate of protein synthesis per ribosome is strongly dependent on temperature (Ryals. et al. 1982) , suggesting that cells at higher temperatures require fewer rRNA molecules to synthesize the same amount of protein per unit time than at lower temperatures. The observed decrease in the RNA : DNA ratio with increasing temperature could result from an increase in ribosoma1 efficiency. This "efficiency effect" was presumably greater than the increase in cell activity implied by increasing TdR incorporation, although cellular activities measured by TdR incorporation may not necessarily reflect the activities implied by RNA content. A positive relationship existed between TdR incorporation and RNA content only at elevated summer temperatures (Fig. 5) . A simple relationship between these two measures of cell activity may exist only within a defined or narrow range of temperature. Alternatively, it may be possible to correct for the effect of temperature on RNA content for comparisons across different temperature regimes. Further investigation is needed.
TdR incorporation and temperature-The discontinuity of the TdR-temperature trend (Fig. 4B) suggests that bacterioplankton communities have different DNA synthesis kinetics under different temperature regimes. Habitat does not seem the sole cause of the discontinuity, since inlet samples are found in the high-temperature group. Instead, we speculate that the apparent change in DNA synthesis was due to changes in community structure induced by temperature and probably other environmental parameters. For example, high frequencies of small cocci during summer (observed as an increase in the proportion of small, unlabeled cells) may have lowered the TdR uptake, because small cells with small genome size would synthesize less DNA than larger cells at the same specific growth rate.
We demonstrated that single-cell RNA content can be estimated from the fluorescence of multiple probes hybridized to natural bacterial cells. Cell fluorescence agreed well with cellular RNA content determined by EtBr fluorometry. Fluorescence-frequency distributions showed variations between seasons. Group-or species-specific probes should help monitor the activities of the target organisms in natural environments.
However, further studies are required to interpret cellular RNA content in more useful terms of activity (e.g. growth rate) and to examine the temperature effect on the RNA-growth relationship.
